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Abstract 
Phase diagrams of as-grown and O2-annealed FeTe1-xSex determined from magnetic susceptibility 
measurement were obtained.  For as-grown samples, the antiferromagnetic order was fully 
suppressed in the range region x ≥ 0.15, and weak superconductivity appeared when x ≥ 0.1.  
Beginning at x = 0.5, weak superconductivity was found to evolve into bulk superconductivity.  
Interestingly, for O2-annealed samples, complete suppression of magnetic order and the occurrence 
of bulk superconductivity were observed when x ≥ 0.1.  We found that O2-annealing induces bulk 
superconductivity for FeTe1-xSex.  Oxygen probably plays a key role in the suppression of the 
magnetic order and the appearance of bulk superconductivity. 
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1. Introduction 
In 2008, the new superconductor, LaFeAsO1-xFx, was discovered by Kamihara et al [1].  
The discovery was quite surprising because iron compounds had been believed to be magnetic and 
not superconducting.  This material consists of an alternate stacking of blocking and 
superconducting layers like the cuprates.  Following this discovery, related materials have been 
found [2, 3].  Hsu et al. reported that anti-PbO-type FeSe shows superconducting transition with Tc 
~ 10 K [4].  This system, the so-called 11 type, is composed of only superconducting layers and has 
the simplest crystal structure among iron-based superconductors.  Therefore, it is suitable for 
clarifying the mechanism of iron-based superconductivity.   
In iron-based compounds, superconductivity is closely related to antiferromagnetism 
(AFM) since superconductivity appears as AFM order is suppressed by changing the carrier density.  
FeTe, which has a crystal structure similar that of FeSe, undergoes structural and magnetic transition 
at around TN = 70 K and does not show superconductivity [5 - 7].  However, the magnetic order of 
FeTe is suppressed by substituting Se for Te.  The partial substitution of Se for Te induces a 
superconducting transition without changing the carrier density, which is consistent with the fact that 
Se and Te have the same valence. 
In addition, this substitution changes the nesting vector Qd = (0.5, 0) to Qs = (0.5, 0.5) [8, 
9].  The former gives rise to the double stripe collinear AFM state of FeTe while the latter 
corresponds to a single stripe collinear AFM order similar to that of FeAs-based superconductors.  
In fact, it is known that the antiferromagnetic wave vector Qs correlates with superconductivity [10 - 
12], which indicates that iron chalcogenides and iron pnictides have similar mechanisms for 
superconductivity.  For FeTe, the emergence of a Fermi surface nesting associated with Qd could be 
induced by excess Fe which supply a substantial amount of electrons [13], although this doping 
effect was not observed in angle-resolved photoemission spectroscopy (ARPES) [14, 15].  An 
excess Fe randomly occupies the Fe(2) site between the square planar sheets of Fe [6, 7].  As 
mentioned above, spin fluctuation and superconductivity are closely related for iron-based 
superconductors.  As attempt to understand the mechanism of superconductivity for the 11 type, 
some phase diagrams represented by transition temperature as a function of Se or Te concentration 
has already been reported [16 - 19].  However, there are significant differences in the region of bulk 
or weak superconductivity and AFM order.  Therefore, it is important to perform a systematic 
research and establish accurate phase diagrams. 
We take particular note of a character of FeTe1-xSx [20 - 23].  Although as-grown FeTe1-xSx 
synthesized using the solid-state reaction method does not show superconductivity, the material 
exhibits superconducting transition with Tc ~ 8 K by O2-annealing.  We expect that a similar effect 
occurs for O2-annealed FeTe1-xSex, since both Se and S are categorized as chalcogens.   
In this paper, we report on the phase diagrams of as-grown and O2-annealed FeTe1-xSex (0 ≤ 
x ≤ 0.5) single crystals.  We find that O2-annealing induce bulk superconductivity.  
 
2. Experimental Methods 
Single crystals of FeTe1-xSex (0 ≤ x ≤ 0.5) were synthesized by the self-flux method.  The 
powder of Fe (99.9%), the grains of Te (99.999%) and Se (99.999%) were sealed into an evacuated 
quartz tube with a nominal composition of FeTe1-xSex.  The quartz tube was sealed into another 
large-sized evacuated quartz tube since the small-sized quartz tube often cracked during cooling.  
The doubly sealed quartz tube was heated at 1100 °C for 20 h and then cooled down to 650 °C at the 
rate of 4 –5 °C/h.   After furnace cooling, O2-annealing was performed by sealing the quartz tube 
filled with O2 gas of atmospheric pressure.  The lattice constants a and c for the obtained crystals 
were estimated by x-ray diffraction using the 2 –  method with Cu-K radiation.  The x-ray 
diffraction profile from 2 = 10 to 70 deg. was collected using Mini Flex (Rigaku).  The 
temperature dependence of magnetic susceptibility for the samples after both zero-field cooling 
(ZFC) and field cooling (FC) mode was measured using a SQUID magnetometer under an applied 
magnetic field of 10 Oe.  The magnetic field was applied vertically to the c-axis of the FeTe1-xSex 
single crystal samples.  
   
3. Results and discussion 
Fig. 1. shows the lattice constants a and c estimated from the data of XRD as a function of 
Se concentration x.  The values of a and c of as-grown and O2-annealed samples were almost the 
same, and decreased linearly with increasing Se concentration, suggesting that a systematic 
substitution of Te by Se was successfully performed.  The obtained values of each axis are in 
agreement with the previous report [24].  Furthermore, this result implies that O2-annealing does 
not degrade the crystal structure of FeTe1-xSex.   
Fig. 2 (a). and (b). show the temperature dependence of magnetic susceptibility for the 
O2-annealed FeTe1-xSex with x = 0.1 and 0.4 under several conditions.  The shielding volume 
fraction was significantly enhanced with the increase of the O2-annealing temperature.  However, 
annealing temperatures exceeding 400 °C and long-time annealing exceeding 10 h were found to 
degrade the superconducting properties.  The maximum shielding volume fraction and the highest 
Tc were observed at 300 °C for 2 h in O2 for both Se concentrations.  We found that O2-annealing 
effectively induces bulk superconductivity for FeTe1-xSex.  We therefore decided to anneal all 
samples under the condition.   
Fig. 3 (a). - (d). show temperature dependence of magnetic susceptibility for as-grown and 
O2-annealed samples with various Se concentrations.  In addition, the Se concentration dependence 
of shielding volume fraction is plotted in Fig. 4. based on the results of magnetic susceptibility 
measurements.  As shown in Fig. 3. and 4, for the as-grown samples, the long-range magnetic order 
was suppressed with increasing Se concentration and completely disappeared at x = 0.15.  Although 
weak superconductivity was observed above x = 0.15, bulk superconductivity did not appear until x 
= 0.5.  On the other hand, for the O2-annealed samples, we found that only a 10 % substitution of 
Te by Se completely suppressed the magnetic order and induced bulk superconductivity.  We 
summarize the accurate phase diagrams based on the magnetic susceptibility measurement for the 
as-grown and O2-annealed samples, as shown in Fig. 5 (a). and (b).  The as-grown samples showed 
the long-range AFM in the range x < 0.15 and weak superconductivity in 0.1 ≤ x ≤ 0.4.  Only the 
FeTe0.5Se0.5 sample was found to be a bulk superconductor.  The O2-annealed samples exhibited the 
coexistence of AFM order and weak superconductivity for x ≤ 0.1.  As the long-range AFM order 
was completely suppressed, the O2-annealed samples with x ≥ 0.1 became the bulk superconductors.  
The bottom line seems to be that the bulk superconducting region dramatically spreads by 
O2-annealing.  From these results, we concluded that O2-annealing is the key factor in inducing 
bulk superconductivity for FeTe1-xSex.  To estimate the amount of oxygen, we carefully 
measured sample mass of Fe1+xTe0.9Se0.1 before and after oxygen annealing.  From the 
increase of the sample mass, the molecular formula of oxygen-annealed sample found to 
be Fe1+xTe0.9Se0.1O0.07.  The excess Fe concentration x have been measured to be 0.05 
≦ x < 0.08 as reported in Ref. 25 and 26.  We found that the amount of intercalated 
oxygen between superconducting layers is comparable to that of excess Fe. 
Neutron scattering measurements have revealed that the magnetic wave vectors Qd and Qs 
are observed over a wide composition range where FeTe1-xSex exhibits weak superconductivity [17, 
27].  For our as-grown samples, weak superconductivity was observed in the range 0.1 ≤ x ≤ 0.4, 
suggesting that the nesting vectors Qd and Qs coexist.  It is expected that the nesting vector Qs 
becomes dominant for FeTe0.5Se0.5 where bulk superconductivity sets in.  On the other hand, for the 
O2-annealed samples, the bulk superconducting region extends down to x = 0.1, which implies that 
the nesting vector Qd is strongly suppressed by O2-annealing.  This suggests that the magnetic wave 
vector Qd is not favorable for superconducting paring [13, 27, 28].  According to first-principles 
density functional calculations [13], a small amount of excess Fe is responsible for the appearance of 
the magnetic wave vector Qd as the result of changing the Fermi surface that is driven by the 
electron doped from the excess Fe ion [28].  The oxygen ion could be intercalated between the 
layers and produces hole carriers which compensates the electron contributed by the excess Fe ion.  
Thus, the magnetic wave vector Qd could be strongly suppressed and the magnetic wave vector Qs 
becomes dominant and bulk superconductivity appears in the O2-annealed samples.   
 
4. Conclusion 
We summarized the phase diagrams of as-grown and O2-annealed FeTe1-xSex.  As-grown 
samples exhibit weak superconductivity in the region 0.1 ≤ x ≤ 0.4 and bulk superconductivity for x 
≥ 0.5.  On the other hand, the O2-annealed samples show weak superconductivity in the range 0.025 
≤ x < 0.1 and bulk superconductivity for x ≥ 0.1.  We found that O2-annealing induces bulk 
superconductivity for FeTe1-xSex.  This result implies that the magnetic wave vector Qs is much 
stronger than the Qd vector.  The oxygen ion intercalated between superconducting layers probably 
plays a key role in the suppression of the magnetic wave vector Qd due to the compensation for the 
electron given by the excess Fe ion.   
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Figure captions. 
 
Fig. 1. Se concentration dependence of lattice constant a and c for the as-grown and O2-annealed 
FeTe1-xSex single crystals. 
 
Fig. 2. Temperature dependence of magnetic susceptibility for FeTe1-xSex (a) x = 0.1 and (b) x = 0.4 
under several O2-annealing conditions.   
 
Fig. 3. Temperature dependence of normalized magnetic susceptibility around TN for (a) as-grown 
and (c) O2-annealed FeTe1-xSex.  The arrows indicate the magnetic transition temperature.  
Temperature dependence of magnetic susceptibility around Tc for (b) as-grown and (d) O2-annealed 
FeTe1-xSex. 
 
Fig. 4. Se concentration dependence of shielding volume fraction for as-grown and O2-annealed 
FeTe1-xSex. 
 
Fig. 5. Phase diagrams showing Tc and TN as a function of x for (a) as-grown FeTe1-xSex and (b) 
O2-annealed FeTe1-xSex. 
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